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Abstract 
This paper is the second of a two-part series dealing with the study of the residual stress field induced by cold expansion (CE) in 
rail-end-bolt holes. In the aeronautical field, cold expansion is a consolidated practice adopted to induce beneficial residual 
compressive stresses around holes of aluminium parts, with the aim to improve the fatigue strength. However, in the literature few 
experimental or numerical studies are proposed on the application of this technique to structural steels. In Part I, an in-depth 
experimental investigation was carried out on railway steel, in particular on rail-end-bolt holes, with the aim to better understand 
the full non-linear response of the material during the whole process. In this paper, finite element (FE) analyses simulating CE 
process are presented, and the experimental results of Part I have been used to validate the FE model. The strain-time history 
acquired during the entire cold expansion process allowed the comparison with FE-predicted strains, both in terms of residual and 
maximum strains. This approach is not present in literature, neither for aluminium nor for steel. The results, in terms of trend and 
magnitude, show that strains in both the experiments and the FE simulations are generally consistent, confirming the reliability of 
the FE model. In addition, a sensitivity study is presented for different levels of cold expansion. The results can be exploited to 
develop an a priori prediction of the residual stresses near the hole surface, aiming to an improvement of fatigue strength. 
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1. Introduction 
Fatigue performance of structural parts is greatly affected by the presence of stress raisers, such as fastener holes, 
and under tensile dynamic loads these are often the initiation site of fatigue cracks. Cracking is a major issue in the 
railway field, and in particular at rail-end-bolt holes (Dick 2001; Milo et al. 2018), which causes premature rail 
replacements, speed restrictions, and a significant impact on rail inspection and maintenance costs (Reid 1993). It is 
known that fatigue life depends on both material properties (Pucillo et al. 2011) and stress intensity around stress 
raisers (Carpinteri 1994; Carpinteri, Brighenti, and Spagnoli 2000; Carpinteri, Ronchei, and Vantadori 2013; Brighenti 
and Carpinteri 2013), and a way to extend lifetime and safety of metal components is the presence of compressive 
residual stresses around critical points. These stresses have the effect of reducing the actual stress, as well as the stress 
intensity factor, with a consequent delay of crack initiation and growth. 
Cold Expansion (CE) is a common and cost-effective way to induce beneficial compressive residual stresses around 
fastener holes, and for this reason it has been adopted from the industries for the performance improvement of bolted 
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and riveted joints. The split-sleeve cold expansion process was, in fact, developed by Boing in the late 1960s, and then 
integrated into a commercial product by Fatigue Technology Incorporated (FTI). Even though the cold expansion 
process has been mainly used on aircraft structures, thus on aluminium alloys, the flexibility of the process has enabled 
it to be easily applied also to railway superstructure components, such as mechanical and insulated rail joints (Cannon, 
Sinclair, and Sharpe 1986; Reid 1993); indeed, based on FTI's Split Sleeve Cold Expansion System, the RailTec 
System was developed for the rail industry (Fatigue Technology Inc 2016; 2017). 
The split-sleeve process is performed by drawing an oversized, tapered mandrel through an internally pre-lubricated 
split sleeve in the hole (Fig. 1). When the mandrel passes through the hole, the combined major diameter of the mandrel 
and thickness of the sleeve enlarge the hole, yielding the material directly around the hole and creating the protective 
zone of residual stresses. This zone protects the hole from the stresses applied to the rail end and significantly decreases 
the probability of fatigue cracks. The lubricated split sleeve allows for single-side processing, reduces the required 
pull force, and protects the hole surface from the high frictional forces generated when the mandrel is drawn through 
the hole. Because of the existence of the split in the sleeve, a small raised pip is formed on the bore of the hole surface. 
Therefore, the split needs to be aligned with the least critical direction for fatigue crack growth, in order to maximize 
the benefits of the cold expansion process (Restis and Reid 2002). 
 
 
Fig. 1 - Schematic diagram of the FTI RailTec System split sleeve cold working setup. 
The fatigue performance improvement is strongly affected by the magnitude and distribution of residual stresses 
surrounding cold expanded holes, being the total, or effective, stresses the superposition of residual and applied 
stresses. The knowledge of the residual stress profile is of particular interest in correspondence of critical points of the 
structure, in case stress intensity factors must be calculated for applying damage tolerance design approach (Carpinteri 
1993; Carpinteri, Brighenti, and Vantadori 2006; Aglan and Fateh 2007; Carpinteri and Vantadori 2009; De Iorio, 
Grasso, Kotsikos, et al. 2012; De Iorio, Grasso, Penta, et al. 2012; Carpinteri, Ronchei, and Vantadori 2013; Grasso et 
al. 2013; Pucillo, Esposito, and Leonetti 2019a; 2019b). 
Investigations on residual stresses in cold expanded holes have been the subject of many research activities, 
including analytical models, experimental techniques, and numerical simulations. Analytical studies have been 
performed to determine closed form solutions for residual stresses induced by the cold expansion process. Hsu and 
Forman (Hsu and Forman 1975) obtained an elastic-plastic solution for residual stresses considering the unloading of 
the hole after the expansion tool is removed. This solution has been extended to include the effect of reverse yielding 
during unloading for the plain strain case (Rich and Impellizzeri 1977) and to include the effect of finite size under 
the plane stress case (Wanlin 1993). However, these solutions are based on two-dimensional approximation (a hole in 
an infinite sheet (Hsu and Forman 1975) or in a finite circular sheet (Wanlin 1993)) and are unable to predict the 
through-thickness variation of residual stresses and the geometry domain effect on residual stresses distribution. Many 
efforts have been made to obtain experimentally the residual stresses by mean of various techniques, as detailed in 
Part I of this two-part series (Pucillo et al. 2020). However, all of them are affected by some limitations proper of the 
employed experimental method. 
Considering the limitations of analytical solutions and difficulties in measurement of residual stresses by 
experimental methods and associated limitations, research has focused on developing numerical simulations using the 
finite element method (FEM) to predict residual stress profiles at cold expanded holes. In the past years, various 
numerical models have been proposed and used to investigate residual stresses, and two different types of approaches 
to simulate the cold expansion process have been developed. With the first approach, uniform radial displacements 






simulated by removing the applied displacements in a second step. By employing this simple approach, 2-D plane 
stress/strain, 2-D axisymmetric, and 3-D models have been produced (Priest et al. 1995; Kang, Johnson, and Clark 
2002; de Matos et al. 2005; Yongshou et al. 2010; Houghton and Campbell 2012). The second approach is through 
contact analysis, by modelling the specimen and the mandrel, establishing contact between the hole surface and the 
mandrel, and making the mandrel to move through the hole, resulting in gradual expansion of the hole and gradual 
recovery of the material. By employing this complex approach, 2-D axisymmetric and 3-D models have been 
developed (Chakherlou and Vogwell 2003; Maximov et al. 2009; Yongshou et al. 2010; Houghton and Campbell 
2012; Yasniy, Glado, and Iasnii 2017). These simulations have been also extended to include the steel sleeve (de Matos 
et al. 2004) and the effect of the split in the sleeve (Ismonov et al. 2009). Unfortunately, the proposed models are 
affected by some limitations: the 2-D plane stress-strain models are unable to predict the through-thickness effects; 
the 2-D axisymmetric models are unable to simulate realistic boundary conditions; uniform expansion models are 
limited, because in reality the expansion is applied subsequentially through the axial movement of the mandrel, and 
are not able to capture the differences in compressive stresses between the entry and the exit faces of the mandrel. 
However, these last models are useful for a preliminary analysis on the residual stresses of cold expanded holes; 
contact analysis models between the mandrel and the hole surface are more realistic, but at the same time they require 
high computational effort. 
In the literature few analytical or numerical studies exist on the investigation of residual stresses/strains surrounding 
cold expanded rail-end-bolt holes (Duncheva and Maximov 2013): many of the above mentioned research activities 
refer to the application of this technique to aluminium alloys (Hsu and Forman 1975; Wanlin 1993; Priest et al. 1995; 
Kang, Johnson, and Clark 2002; Chakherlou and Vogwell 2003; de Matos et al. 2004; 2005; Rich and Impellizzeri 
1977; Maximov et al. 2009; Ismonov et al. 2009; Yongshou et al. 2010; Houghton and Campbell 2012; Yasniy, Glado, 
and Iasnii 2017). 
Thus, the present work tries to offer a contribution to better understanding the whole stress-strain field surrounding 
cold expanded steel rail-end-bolt holes, that is not present in the current literature. To reach this goal a uniform 
expansion approach has been employed to develop the proposed finite element model. Afterwards, the model is 
validated by means of the experimentally measured strains presented in Part I (Pucillo et al. 2020). The three-
dimensional nature of the resulting stress field will be discussed, and differences in stresses as a function of various 
percentages of cold expansion will be addressed. 
The percentage of CE is defined as the magnitude of the normalized radial expansion of the hole during the process 
and is given by: 
𝐶𝐸 [%] =
𝑅𝑚𝑗 + 𝑡𝑠 − 𝑟𝑖
𝑟𝑖
× 100 
where Rmj is the mandrel major radius, ts is the sleeve thickness, and ri is the initial radius of the hole. 
2. Finite Element Modelling 
2.1. General configuration and material properties 
In the railway industry the cold expansion process is already applied on the holes of railway joints, with the aim to 
improve their fatigue performances. However, available knowledge (Lindh, Taylor, and Rose 1980) deal with old 
steels, adopted in the 70s, and in literature there is no data on the steels currently used for railway, such as R260 rail 
steel. For these reasons, to evaluate the repeatability of the process and considering a scheduled fatigue testing 
campaign to be performed on specimens to be extracted from drilled rails, a 1.362-meter-long 60E1 rail segment 
having six holes with a nominal diameter of 32 mm (Fig. 2) was used for the experimental investigation described in 
Part I (Pucillo et al. 2020). Before the holes were expanded, part of the head and of the foot were removed to create 
the gripping areas of the specimens that will be extracted from the rail, after having verified that head and foot cutting 




Fig. 2. Component obtained from a drilled rail by removing part of the head and of the foot. 
All the simulations were carried out using the Abaqus software version 6.11 (Simulia 2011). The nonlinear R260 
nominal (or engineering) stress-strain curve was experimentally measured by the average of five tensile tests. This 
resulted in a Young’s modulus of 210 GPa, a 0.2% offset yield strength of 507 MPa, and a Poisson’s ratio of 0.33. 
Since Abaqus allows the input of pairs of true stress/logarithmic plastic strain coordinates to define the material 
hardening law, the true stress-plastic strain curve, σtrue(εpln), was obtained (see Fig. 3) from the nominal one, σnom(εnom), 
by means of the well-known relationships: 
 
𝜎𝑡𝑟𝑢𝑒 = 𝜎𝑛𝑜𝑚(1 + 𝜀𝑛𝑜𝑚) 
𝜀𝑙𝑛 = 𝑙𝑛(1 + 𝜀𝑛𝑜𝑚) 






Fig. 3. True stress vs. logarithmic plastic strain curve of the R260 rail steel. 
2.2. Geometry and boundary conditions 
For the investigation of the effects on the residual stress field due to various percentage of CE, a single-hole 3-D 
FE model was developed. The interference generated when the mandrel is pulled through the hole was simulated by 
applying a uniform expansion to the hole. For this purpose, a radial displacement was imposed, and then removed, to 
the nodes belonging to the hole edge. Being the percentages of simulated CE equal to 1.0%, 2.0%, and 4.0%, the 
applied radial displacements were, respectively, 0.16 mm, 0.32 mm, and 0.64 mm. 
The geometry is a 430 mm long drilled component, and because of the double symmetry with respect to the rail 
longitudinal and transversal planes, of both geometry and loading conditions, just a quarter of the component was 
modelled, as shown in Fig. 4. Symmetry boundary constraints were imposed along the Z direction to the nodes 
belonging to the plane of equation z = 0, and along the X direction to the nodes belonging to the planes of equation x 
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The finite element model is presented in Fig. 4-b. The mesh is composed by 85698 8-node linear brick reduced 
integration elements (C3D8R) and 2619 6-node linear triangular prism elements (C3D6), the latter adopted for the 
transition mesh; the total number of nodes is 98600. 
 
 
Fig. 4. Geometry and boundary conditions (a), and mesh (b) of the FE model. 
3. Results 
The effects of cold expansion on the residual stress field arising near the hole are presented in this section. To 
provide a better understanding of the 3-D nature of the residual stress field, both the hoop and the radial residual 
stresses are reported. The stresses are expressed in the local cylindrical coordinate system centred on the hole (see Fig. 
4-a). 
Contour plots of the residual stress fields after CE of 1.0%, 2.0%, and 4.0%, are presented in Fig. 5 and Fig. 6, that 
refer to the hoop stresses and to the radial stresses, respectively. Fig. 5 clearly shows the through-thickness variation 
of the hoop residual stress, and that the maximum compressive stresses after cold expansion are observed at the mid-
thickness of the rail web for all the percentages of CE. When CE percentage increases from 1.0% to 4.0% the maximum 
compressive hoop stress increases from 667 MPa to 1027 MPa. Differently, Fig. 6 shows that radial stresses are almost 
zero on the hole surface (equilibrium condition) and that the maximum compressive values are observed on the surface 
of the rail web. When CE percentage increases from 1.0% to 4.0% the maximum compressive radial stress increases 
from 194 MPa to 312 MPa. 
Focusing on the hoop stress, which represents the most significant factor affecting the fatigue strength improvement 
created by CE, the residual stresses distribution on the hole edge, both on the surface and on the mid-thickness of the 
rail web, was evaluated as a function of the angular coordinate θ (cylindrical coordinate system of Fig. 4-a) and for an 
increasing percentage of CE. The obtained residual stress profiles are shown in Fig. 7, showing that, as mentioned 
before, the compressive stresses at the mid-thickness (prefix “Mid” in Fig. 7) are higher than the surface (prefix “Top” 
in Fig. 7) of the rail web. As a consequence, the critical area for crack initiation is the rail web surface due to the 
reduced level of compressive residual stresses induced by the CE. 
 
rail longitudinal axis











Fig. 5. Contour plot of hoop residual stresses for different percentages of expansion. 
 
 
Fig. 6. Contour plot of radial residual stresses for different percentages of expansion. 
 
 
Fig. 7. Hoop residual stresses on the hole edge as a function of the angular coordinate θ and for different percentages of cold expansion. Top: rail 
web surface; Mid: mid-thickness of the rail web. 
Furthermore, the residual stress filed at the edge of the hole (Fig. 7), for a certain percentage of CE, depends on the 
angular coordinate θ, in good agreement with literature. As stated in (Lowry 1991; Ball and Lowry 1998), the 
effectiveness of cold expansion is influenced by the distance between the hole and the edge of the specimen, with 
lower residual stresses (lower in magnitude) expected for short edge distance. Comparing residual stresses on the rail 













































θ = -90°, because of the shorter edge distance (60.25 mm) compared to that at θ = +90° (79.75 mm) and at θ = 0° (199 
mm). At the mid-thickness of the rail web, instead, the stress field is rather uniform compared to the surface. 
In rails with not cold expanded holes cracks generally initiate (stress concentration effect due to the hole) from the 
hedge and propagate along planes lying at ±45° respect to the rail longitudinal axis (Mayville and Stringfellow 1995; 
Zerbst et al. 2009; Cannon et al. 2003). In these singular points of the railway superstructure high impact forces are 
induced due to trains motion (Talamini, Jeong, and Gordon 2007; Mandal, Dhanasekar, and Sun 2016; Kerr and Cox 
1999), often with amplified effects due to weak ballast conditions (Pucillo et al. 2018; De Iorio et al. 2016). 
Considering that cold-expansion-induced residual stresses at the hole edge do not assume the maximum intensity at θ 
= ±45° (Fig. 7), it is reasonable to assume that at cold-expanded holes cracks will initiate and propagate at ±45° as 
well.  
For this reason, and with the aim to develop a LEFM-based model for crack growth prediction (Ball and Lowry 
1998; Carpinteri 1993; Carpinteri, Ronchei, and Vantadori 2013) for cold-expanded holes, the knowledge of residual 
stresses normal to the crack plane (e.g. hoop residual stresses along the direction at θ = ±45°) is essential to determine 
the residual stress intensity factor Kres. For this purpose, the distribution of hoop residual stresses on the rail web 
surface along the directions at θ = ±45°, as a function of the distance from the hole edge and for an increasing 
percentage of CE, was evaluated and is shown in Fig. 8; the normalized distance to the hole radius is also shown on 
the secondary axis. The hoop residual stress assumes the maximum compressive value at the edge of the hole, and 
gets to the maximum tensile stress with increasing distance from the hole edge. After this point, the tensile stress 
gradually decreases to zero. When CE percentage increases from 1.0% to 4.0%, the maximum compressive hoop 
stress increases from 543 to 854 MPa at θ = +45°, and from 551 to 869 MPa at θ = -45°, while maximum tensile stress 
increases from 95 to 167 MPa along the direction at θ = +45°, and from 109 to 233 MPa along the direction at θ = -
45°. The extension of the region of compressive residual stresses also increases with the CE percentage: from 0.83 to 
1.56 times the hole radius along the direction at θ = +45°, and from 0.83 to 1.54 times the hole radius along the 
direction at θ = -45°. 
 
 
Fig. 8. Hoop residual stress profiles along the direction at θ = ±45° for different percentages of cold expansion. 
The radial residual stress profiles are shown in Fig. 9. Stress is almost zero at the hole edge (an equilibrium 
condition is verified), decreases until to a maximum compressive value, then radial residual stress gradually 
approaches back to zero. With the increasing CE percentage, the maximum compressive value increases from 195 to 
294 MPa along the direction at θ = +45°, and from 183 to 287 MPa along the direction at θ = -45°, and the distance 
from hole edge corresponding to maximum value increases from 0.59 to 0.82 times the hole radius along the direction 
at θ = +45°, and from 0.57 to 0.81 times the hole radius along the direction at θ = -45°. 
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Fig. 9. Radial residual stress profiles along the direction at θ = ±45° for different percentages of cold expansion. 
For the purpose of validating the single-hole 3-D FE model, the strain distribution surrounding the hole was 
investigated for the 2.0% CE. In detail, both radial and hoop stresses were evaluated at the end of the stages of hole 
expansion (maximum strains, because corresponding to the maximum diameter of the hole) and hole recovery (residual 
strains), along the directions at 0°, ±45°, and ±90° respect to rail longitudinal axis. Predicted maximum and residual 
strains as a function of the distance from hole edge are shown in Fig. 10 and Fig. 11, respectively. 
 
 
Fig. 10. Maximum strain profiles along the directions at θ = 0°, θ = ±45°, and θ = ±90°. 
 
 



























0 5 10 15
-45°  1.0% +45°  2.0%
-45°  2.0% +45°  4.0%
-45°  4.0% +45°  1.0%
x
y θ = +45 
θ = -45 
Distance from hole edge [mm]
















































4. FE model validation 
For the validation of the proposed FE model, the comparison between the FE results predicted in the present work 
and those acquired during the experimental investigations conducted by the authors and illustrated in Part I (Pucillo 
et al. 2020) is described in this Section. 
In the experimental work, the 2.0% cold expansion process application on rail-end-bolt holes was investigated, 
using both 2D-DIC and strain gauges measurements. The cold expansion process was applied to three rail holes, 
having an equal nominal diameter and differently equipped with strain gauges mounted on the rail web surface, in 
particular at the mandrel entry face. In detail, strain gauges were installed in specific angular locations (respect to the 
reference direction of the cylindrical coordinate system defined in Fig. 4-a) and at specific distances from the hole 
edge. Considering the strong repeatability of the applied cold expansion process (Pucillo et al. 2020), the results 
obtained on each hole were considered together, as if all had been acquired during the expansion of a single hole. This 
allowed to extrapolate the distribution of the hoop strain as a function of the distance from the hole edge along the 
directions at θ = 0° and θ = +45°, which are the most interesting ones in terms of residual stress distribution. 
Exploiting the installed strain gauges, the strain-time history was acquired during the entire cold expansion process, 
allowing the comparison between the experimental and FE-predicted strains both in terms of residual and maximum 
strains. This is not present in the current literature, and guarantees a detailed check of the FE model reliability. It is 
important to take into account, indeed, that in elasto-plastic analyses it is appropriate to compare both residual and 
maximum strain values predicted by FEM with those obtained experimentally, since the stress state depends on the 
loading history of the material (Lee and Barkey 2012). 
Fig. 12 shows the comparison between the experimental results and the finite element simulations in terms of hoop 
residual strains along the directions at θ = 0°, ±45°, and ±90°. A very good agreement is observed at 0°, +45°, and 
+90°, both in terms of trend and magnitude, whereas some slight differences can be noted for the directions at θ = -
45°, and θ = -90°. 
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The comparison between hoop maximum strains measured by strain gauges and by finite element simulation is 
presented in Fig. 13, where it is found that numerical results agree well with experimental ones. 
The comparison between predicted radial strains and measured ones is shown in Fig. 14. Also in this case, a good 
agreement is observed for both maximum and residual strains. 
In summary, it is possible to appreciate a good agreement between the experimental results and the FE predictions; 
this guarantees the validation of the finite element model proposed in this study, which may be used for the 
development of an LEFM-based methodology for crack growth prediction at cold-expanded holes. 
 
 
Fig. 13. Comparison of measurement results and simulation results of hoop maximum strains along directions at 0°, ±45°, and ±90°. 
 
 
Fig. 14. Comparison of simulation results and measurement results of radial maximum strains along the direction at +90° and of residual strains 
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5. Conclusions and future works 
A simplified 3D FE model has been developed to predict the residual stresses induced by the application of the 
cold expansion process to rail-end-bolt holes.  
The results reveal the three-dimensional and not axisymmetric nature of the residual stress field surrounding the 
hole. It is found that the distribution and values of residual stresses are significantly affected by the percentage of cold 
expansion, and significant differences in terms of residual stresses exist through the rail web thickness. 
The comparison of the strain gauges results with those calculated by FEM shows a good agreement for both the 
residual strain field and the one corresponding to the stage of maximum expansion of the hole. This result guarantees 
the validation of the finite element model, which may be adopted for the development of an LEFM-based model for 
crack growth prediction at cold-expanded holes. 
Future studies will provide for: the development of a 3-D FE model that simulates the interaction between the 
mandrel-sleeve assembly and the hole surface for a more in-depth investigation of the residual stress field along the 
thickness of the rail hole; the simulation of hole drilling and, successively, of cold expansion, once the residual stresses 
due to the manufacturing process of the rail is known and used as initial input (initial state) in the FE model, in order 
to predict the effective stresses acting at cold expanded rail-end-bolt holes. 
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